In 1965, the Ganja Alumina plant (GAP) started implementing an alkaline reduction technology for processing of alunite ore on an industrial scale. Technological deficiencies, together with design errors, led to unprofitable production. Since the plant was established, studies have been conducted to eliminate deficiencies in the reduction process, through alkaline technology and hardware design. A "reversed" scheme was developed for hydrochemical processing of alunite restored with the conversion of sodium sulphates using a KOH solution. Despite the elimination of several shortcomings in alkaline reduction technology, certain drawbacks remained, in particular: 1) significant emission of gas and dust from the kilns of fluidized bed furnace during roasting and recovery; 2) insufficient time for recovery of alunite powder, which complicates and worsens the technological and economic aspects of the process; 3) passivation of alumina in the roasting and reduction processes; 4) low yield alumina yield in the commercial product (≤ 75%); and 5) a significant amount of solid waste: 5 tonnes of red sludge per 1 tonne of AL 2 O 3 , and errors. As a result, the alunite ore processing line ceased production in 1992 and has not operated since.
Introduction
Alunites are used as a raw material both in the production of aluminium and in the chemical industry. Alunite ores may serve for producing alumina, potassium sulphate, sulphuric acid, elementary sulphur, (Labutin, 1965) alum, (Nasirov, 2005) , coagulant, (Lainer, 1982) quartz sand, and other products.
Alunite ores in mineral form are always accompanied by waste rock, consisting mainly of quartz and small quantities of other minerals, aluminosilicates and hematite.
Using ore from an alunite deposit from Azerbaijan, the Ganja Alumina Plant (GAP) applied technology that processed alunite ores, resulting in the production of alumina and other components. Globally, this was the first example of the use of such technology for mass production.
The integrated processing of alunites from the Zaghlik deposit at GAP was based on a alkaline reduction process, with additional production of potassium sulphate and table salt, by the conversion of sulphate waste using potassium chloride (Labutin, 1948) , (Agranovsky, 1970) . Conversion with KCl led to the production of K 2 SO 4 and salt (NaCl). However, the salt could not be used in the food industry because poisonous V 2 O 5 (up to 0.05% in alunite ores) was accumulating in the reusable aluminate solution (in the form of sodium vanadate) and was further blended with a mixture of potassium and sodium sulphates.
The method involved the release of SO 3 , bound to alumina in alunite, at the beginning of the technological process.
The release occurs through the following reaction during the recovery of alunite rock using sulphur vapour or a gaseous reducing agent:
This process makes it possible to avoid the conversion of caustic alkali into a low value product, sodium sulphate, during leaching. For compensating the losses of caustic alkali during the technological cycle of alumina production, part of the sulphate salts was subjected to thermal caustification (Penyakov method).
The project was aimed at processing alunite ores from the Zaghlik deposit, composed of 51% alunite and 49% waste rock. The ore contains 0.05% V 2 O 5 . Averaging of the alunite content of the ore (50%) was made by visual-mechanic enrichment of alunite ores in the mine. Despite some advantages, this technological scheme had a number of significant deficiencies that, together with some plant design errors, complicated the production process and made it unprofitable, because the plant could not operate at full capacity.
"Reversed" Scheme of Hydrochemical Processing of Recovered Alunite
The search for ways to overcome the drawbacks of the alkaline reduction technology and hardware design errors began almost immediately after start of production (1965) . In order to eliminate certain technological deficiencies, the plant switched to a new, "reversed" scheme of hydrochemical processing of recovered alunite, with the conversion of alkali sulphates by a КОН solution. This technology uses desilicated aluminate solution for evaporation (instead of mother liquor) in special evaporators, thus closing the water balance and separating sulphate salts. After evaporation and separation of sulphate salts, the aluminate solution is diluted to the necessary concentration prior to decomposition, using filtered wash water from the washing of alunite mud waste and wash water from washing of aluminium hydroxide. Alunite is leached by mother liquor, which is taken from the decomposition process.
The Method of Compensation for the Loss of Alkali
To compensate for the loss of the alkali, alkali sulphates are converted using potassium alkali, instead of sintering the hydrate-sulphate burden. All the alkali sulphates in the alunite, extracted during evaporation of desilicated aluminate solution, are converted into potassium sulphate and NaOH, according to the reaction:
Na, 2 SO 4 +2 KOH = K 2 SO 4 + 2 NaOH
In this case, almost all the sodium sulphate is used for compensating for the losses of caustic alkali during production. The bulk of the potassium sulphate from the alunite will be extracted for production of the final product (fertilizer)
Сonversion of alkali sulphates with КОН allowed us to eliminate certain deficiencies in reduction-alkaline technology:
1. The semi-finished product Al(OH) 3 does not have to be returned to the starting stage for sintering.
2. The energy-intensive process of sintering of a hydrate-sulphate burden, emitting SO 2 into the atmosphere, is completely eliminated from the scheme.
3. Production of inedible table salt, which is unprofitable, is also eliminated.
4.
A mixture of potassium and sodium sulphates is extracted from the alumina solution before decomposition, thus speeding up the decomposition process, decreasing the level of pollution of aluminium hydroxide by sulphates, and also decreasing the dilution rate of the alumina solution.
The previous reducing agent (diesel fuel) was replaced by elementary sulphur, thus resolving the issue of manufacture of clear sulphuric acid. However, production was complicated by the need to arrange separate production of potassium alkali or procure it from third parties. However, certain important issues remained unresolved, even with the improved technology.
The Main Mistake of the GAP Project Is the Use of Fluidized Bed Furnaces for Firing Alunite Ore
A major error in furnace design caused a significant discharge of powder and gas from the fluidized layer furnaces during the roasting and reduction processes, as well as an insufficient dwelling time for the powder in the reduction furnace. The degree of powder recovery was therefore low. Powder from the furnaces was transferred to a recovery furnace and was circulating between the electrical filter and furnace. As result, the powder concentration at the entry to the electrical filters increased.
Use of fluidized layer furnaces for processing of alunite powder significantly complicated the technology and worsened the technical and economic results, although the concentration of AL 2 O 3 in the powder was 1.5 times higher than in other types of rock. Because of the low degree reduction of aluminium sulphate in the powder, a significant part of the NaOH forms Na 2 SO 4 during leaching. In addition, alunite powder for fluidized layer furnaces (FLF) is enriched by kaolin, which leads to the formation of insoluble sodium aluminosilicate Na 2 OAL 2 O 3 2 SiO 2 2H 2 O.
In other words, a significant part of the unrecoverable (sodium aluminosilicate), as well as recoverable losses (sodium sulphate) of caustic alkali, is caused by processing alunite powder at FLF.
As result of passivation and other losses during processing of the recovered alunite in the hydrochemical part of the Bayer process, the share of alumina in the final product did not exceed 75%.
Large Amount of Waste Per 1 Ton of Alumina and Other Deficiencies Led to The Shutdown of GAP
In an improved hardware scheme, pulp from leaching of alunite rock was fed into a hydro-separator, where the insoluble residue was separated into two parts: fine, sludge fraction and larger, sand fraction of the mud. The sludge mud fraction was thickened in five-chamber thickeners, washed with a counterflow, then separated from alumina solution, re-pulped using water, and sent to a mud lake in the form of pulp (500-600 grams of solid matter per litre).
The sand fraction of the mud was separated from the alumina solution by filtration and rinsing at carousel vacuum filters and then sent to a mud lake. Waste for each tonne of alumina produced equalled 4 to 5 tonnes of red mud, including 1.5-2.0 tonnes of sludge fraction and 2.0-3.0 tonnes of sand fraction.
Purification of the aluminate solution from dissolved silica was carried out by one-stage desilication, in which, as a result of the reaction:
Sodium hydroaluminosilicate was precipitated and then removed after separation and rinsing.
Thus, the following significant technological issues remained unsolved.
1.
Issue of roasting and reduction of alunite in FLF, and related deficiencies.
2.
Low share of alumina in the final product (not more than 75%).
3.
Significant unrecoverable and recoverable losses of alkali, related to hydrochemical processing of alunite powder and ore, not fully recovered previously.
4.
Significant quantities of disposed mud (white mud, sludge fraction, sands).
5.
Significant consumption of scarce and expensive additional raw materials -elementary sulphur, potassium and sodium alkali. The scarcity of additional raw materials led to numerous month-long stops of GAP operation from 1990 to 1992.
Use of sulphur as a reducing agent led to an increase in the production of sulphuric acid (almost double), and complications related to its disposal.
Long-distance transportation of sulphuric acid is unprofitable.
In 1992, because of unresolved technological issues, production of alumina from alunite at GAP was ceased and has not commenced since then. The research also excluded process of alunite reducing from the technological scheme.
Disadvantages of Alkaline Treatment of Raw Alunite
Raw alunite was easily and rapidly degraded by solutions of caustic alkali. This property of a mineral was first used in the 1930s in a technology, described by S.P. Kamenetsky (Smirnov-Verin, 1938) , and, more recently, by G. Z. Nasyrov (Sizyakov, 2001) . However, these methods were not applied in production because they have the following deficiencies: -Alkali consumption for leaching of raw alunite increased twofold.
-Leaching of alunitized rock required the use of highly diluted solutions of caustic alkali, with a concentration of NaOH -≥ 10% of the solutions became almost saturated by sulphates.
-If a 10% solution of concentrated caustic alkali was used for leaching, the concentration of AL 2 O 3 in an aluminate solution was around 50 grams/l. The decomposition processes for such concentrations were ineffective, and the carbonization process was used instead.
-Compensation of losses of alkali by diaphragm electrolysis of potassium chloride, resulting in production of КОН and chloride, was an inefficient and expensive process, which also requires sideline processing of chloride on spot.
Low-temperature (≤ 85 o С) process of leaching of pre-crushed ore (-8 mm) decreases excited of alumina in the solution and increases leaching time. Possibly, for this reason, China refused to build a plant after pilot testing Nasyrov's technology (which was carried out over 20 years ago).
Рotash Ridge Corp Project
A Canadian company (Рotash Ridge Corp. Project No 17M16, 2017) has developed another method of processing of alunite ore and production of sulphuric acid, sulphate of potassium (SOP), alumina, quartz sand from alunite ore for an alunite deposit in Utah (USA). After crushing and grinding, the alunite ore is subject to flotation treatment. As result, the ore contains not less than 60% of mineral alunite. Then, the ore is dried and roasted at 600 o С or below, with a simultaneous reduction of alunite by adding excess diesel fuel. The SO 2 emitted is used for producing sulphuric acid, which is further used by PRC for processing of KCl at the deposit in Quebec (Canada) and for obtaining additional quantities of fertilizer K 2 SO 4 and hydrochloric acid (HCl). The roasted alunite is leached by the hot water for extraction of potassium sulphate in the solution (SOP). Roasting temperatures of less than 600 o С results in incomplete recovery of the alunite but enables the maintenance an active form of alumina in alunite. However, leaching of alunite, roasted at 600 o С by hot water leads to SOP losses because of the formation of basic salt, insoluble in water. The share of SOP in the solution does not exceed 65-70%. Roasting at 800-900 o С improves the alunite reducing proportion up to 100% with extraction of SO 3 by aluminium sulphate. In addition, the share of SOP is close to 100%, however ¥ -AL 2 O 3 changes into an insoluble form, α-AL 2 O 3 . Consequently, the Bayer method of alumina extraction from the concentrate cannot be applied.
Potash-Alkaline Technology of Alunite Ore
A team of researchers at the Moscow Institute of Steel and Alloys (MISiS), led by Professor A. I. Layner, developed a potash-alkaline technology of alunite ore processing (Layner, 1974) . This technology, which we further improved (Taghiyev, Patent of the Azerbaijan Republic No 0142, 2001 , No 0210, 2003 , Certificate of USSR # 872456, 1981) (Scheme 1), was offered for reconstruction of a technological scheme of alunite ore processing at GAP. Besides an increase in productivity of up to 150.000 tonnes of AL 2 O 3 per annum, it allows sideline production of:
1.
Chloride-free fertilizer: 315.000 tonnes of potassium sulphate per annum;
2. 49.500 tonnes of coagulant (solid) for purification of drinking water and wastewater per annum;
3.
Quartz sand for production of moulding and core mixtures for iron and non-ferrous casting, production of packing glass and construction materials: 300.000 tonnes per annum;
4.
Pure carbon dioxide without harmful additions, which can be used for carbonating of mineral waters, electrical welding in protective environments, and in metallurgy, ecology and other areas: 60.000 tonnes of СО 2 per annum.
We offered certain improvements to the hardware scheme, aimed at increasing the yield of alumina extracted from alunite ore. In particular, we offered to carry out fine crushing of 2 to 3 mm. After roasting in rotary tube furnaces, roasted alunite should be subjected to wet grinding in ball mills (40-50 mesh) with a potash-сarbonate mixture-based solution. The advantages of doing so are а) fluidized bed furnaces are not used for roasting, thus avoiding losses of powder; b) fine dry grinding is also not used, with the same positive effect.
Because of high content of alumina in the sand fraction after the first leaching (up to 15-20%), we recommend transferring the pulp, resulting after the first leaching, sludge and sands are fed together to the second leaching in a circulating aluminate solution. In this case, the output of Al 2 O 3 in the solution may reach up to 97%. After the second leaching, the pulp is fed to a hydro-separator for separation into sludge and sands. Because of low solid matter in the sludge fraction pulp, the speed of deposition of the pulp in thickeners and washers may have risen between threefold and fourfold. The hardware scheme of potash-alkaline technology of alunite processing, which we proposed, eliminates almost all the deficiencies of reversed and alkaline reduction technologies. It also creates conditions for waste-free processing of alunite ore (Taghiyev E. I. 2006 ). The technology uses the existing GAP equipment. We rejected the use of FLF roasting because alunite and waste rock will be ground differently, and because of differences in their hardness: alunite -3.5-4.0, а quartz-7.5-8.0 on the Mohs scale. As result, the alumina content in the powder was 1.5 times higher than in the ore. ( Figure 1) .
hare of alkali a oluble residue 1; 2020 and SO 2 , from the In contrast, the share of AL 2 O 3 in the initial alunite ore from the Zaghlik deposit did not exceed 19-20%.
The share of major components of concentrate in the solution after the second leaching by the recycled aluminate solution is (in %): AL 2 O 3 -93-94; K 2 O -52-53; N 2 O -34-35; SO 3 -46-47. The share of alumina in the resulting product is not less than 90%.
Technologies for processing solid waste: white sludge, quartz sand, and clay fraction of mud were tested on the pilot plants at GAP, at the foundry of the Baku Engineering Plant, Salyan water purification station, etc. (positive results of the tests were officially confirmed).
Potash-alkaline technology (roasted alunite at T-roast=520-530 o C treatment by potassium carbonate solution) allows the conversion of a sulphuric acid radical and alkali of sulphate alunite into a solution with the formation of potassium sulphate (chloride-free potassium fertilizer). Almost all the alumina from the ore (98%) remains in an insoluble residue and, after the second leaching with recycled aluminate solution, goes into solution with the formation of sodium aluminate. In other words, insoluble residue after first leaching can be easily and profitably processed by Bayer out-of-autoclave process, with a number of benefits:
1. the share of alumina recovery in the product reaches up to 90%;
2. we excluded a complicated process of reducing alunite by elementary sulphur, causing passivation of alumina, emission of gas and powder, and losses of alkali and sulphur;
3. we also avoided:
-production of sulphuric acid;
-the need for imported additional raw materials -elementary sulphur, potassium alkali;
-we excluded unrecoverable losses of alumina in the production of coagulant for the purification of drinking water and wastewater because of the use of sodium aluminosilicate (white slag);
-accumulation of large quantities of alkali sulphates in the hydrochemical part of the Bayer process.
Significant shortcomings of potash-alkaline technology are the high cost and scarcity of additional raw materialpotassium carbonate K 2 (CO 3 ). For countries that have large alunite ore reserves (China, Iran and Russia) and where nepheline processing is carried out by sintering with potassium carbonate as a by-product and, potash-alkaline technology will be the most effective. Potassium carbonate, obtained from processing nepheline, is used in potash-alkaline technology for processing roasted alunite.
In most countries, large deposits of alunite ore or potassium carbonate (potash) are a very scarce and are expensive product. Such scarcity thus limits their use for large-capacity production of alumina. A number of international research papers on technology of alunite ore processing (Alizadeh, 2016) consider potassium carbonate technology an optimal strategy of choice. (Piga, 1999) 
Elimination of the Lack of Potash-Alkaline Method
To avoid the above shortcomings -use of scarce and expensive potassium carbonate -we offered a soda-alkaline technology for processing alunite ore (Taghiyev, 2018) . In the first stage of leaching of roasted alunite, we used soda (Na 2 CO 3 ) instead of potash. The resulting solution contained potassium and sodium sulphates and SO 3 of sulphate aluminium, although almost all the alumina remained in the insoluble residue. Then, the insoluble residue is processed in a Bayer out-of-autoclave process (as in the potash-alkaline technology) and in results in alumina, quartz sand. White sludge from the desilication process can be further used as a solid coagulant for water purification (Taghiyev, USSR author certificate 872456, 1981 .)
The solution after the first leaching, a mixture of sodium and potassium sulphates, is subject to conversion with Na 2 SO 4 and KCl, as result of which we obtained SOP (sulphate of potassium), K 2 SO 4 and edible table salt NaCl. (Nemets, 1995) Earlier, GAP used a conversion process for processing of mixtures of К and Na sulphates, which were vaporized from an aluminate solution. As the solution contained a poisonous vanadium pentoxide, the table salt was inedible. (Taghiyev, 2006) .
We avoid this drawback in the soda-alkaline technology. The first leaching of roasted alunite, with a solution of sodium carbonate, resulted in the production of potassium and sodium sulphates, and vanadium pentoxide remained in an insoluble residue. Later, during second leaching of the insoluble residue, the recycled aluminate solution, V 2 O 5 went into solution in the form of sodium vanadate. It was then accumulated in a recycled aluminate solution until, after 
